Downconversion for the Er3+, Yb3+ couple in KPb2Cl5—A low-phonon frequency host  by Aarts, L. et al.
Journal of Luminescence 131 (2011) 608–613Contents lists available at ScienceDirectJournal of Luminescence0022-23
doi:10.1
n Corr
E-mjournal homepage: www.elsevier.com/locate/jluminDownconversion for the Er3+, Yb3+ couple in KPb2Cl5—A low-phonon
frequency hostL. Aarts a, S. Jaeqx a, B.M. van der Ende a,b, A. Meijerink a,n
a Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, Utrecht University, Princetonplein 5, 3584 CC Utrecht, The Netherlands
b Department of Physics and Astronomy, Trent University, 1600 West Bank Drive, Peterborough, Ontario, Canada K9J 7B8a r t i c l e i n f o
Article history:
Received 9 October 2009
Received in revised form
25 August 2010
Accepted 28 October 2010
Available online 3 November 2010
Keywords:
Downconversion/quantum cutting
Lanthanides
Photovoltaics
Luminescence13 & 2010 Elsevier B.V.
016/j.jlumin.2010.10.041
esponding author. Tel.: +31 302532202.
ail address: A.Meijerink@uu.nl (A. Meijerink).
Open access under the Ela b s t r a c t
Downconversion of a single blue/green photon to two near-infrared photons offers a promising route to
increase the efﬁciency of photovoltaic cells. Here we report on downconversion for the well-known
upconversion couple (Er3+, Yb3+) doped into a host with low (200 cm1) maximum phonon energy
(KPb2Cl5). The intermediate energy level in both the upconversion and downconversion processes is the
4F7/2 level around 490 nm. While fast multi-phonon relaxation to the lower energy
2H11/2/
4S3/2 levels is
beneﬁcial for upconversion, it prevents efﬁcient downconversion. To reduce multi-phonon relaxation, a
low-phonon energy host (KPb2Cl5) was doped with Er
3+ and varying amounts of Yb3+ co-dopant. The
results show that downconversion from the 4F7/2 level occurs, exciting two neighboring Yb
3+ ions to the
2F5/2 level. The efﬁciency is however low due to multi-phonon relaxation from the
4F7/2 to the
4S3/2 level
via the intermediate 2H11/2 level. Based on the results it is clear that efﬁcient downconversion for the
(Er3+, Yb3+) couple requires even lower phonon energy hosts (e.g. bromide host lattices). A Cl–Yb3+
charge transfer absorption band is observed between 300 and 400 nm. Excitation in this band results in
two broad emission bands centered around 430 and 700 nm at temperatures below 30 K, which are
assigned to Cl–Yb3+ charge transfer emission.
& 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The relatively lowmaximum efﬁciency (30%) for the conversion
of solar energy to electricity in single junction solar cells is related
to the spectral mismatch [1]. Low energy infrared (IR) photons
cannot be absorbed and for high energy photons a large part of the
energy is lost by thermalizationof highly excited charge carriers. To
increase the solar efﬁciency one can ‘add’ two IR photons to obtain
one photonwith a higher energy (upconversion, UC) or ‘cut’ a single
high energy photon into two lower energies photons (down-
conversion, DC) that can both be absorbed by the solar cell.
Lanthanide ions are promising candidates for efﬁcient spectral
conversion and there are various examples of efﬁcient up- and
downconversion using lanthanides, either with one type of lantha-
nide ion or a pair of lanthanide ions [2–5].
Downconversion of one UV or visible photons into two NIR
photons was ﬁrst demonstrated in (Y, Yb) PO4:Tb
3+ [6] and later in
other couples of lanthanides, viz. (Pr3+ , Yb3+) [7] and (Tm3+, Yb3+)
[8]. The choice of Yb3+ as the emitting acceptor ionwas inspired by
the favorable energy of the 2F5/2 excited state (emitting around
1000 nm, just above the band gap of crystalline silicon) and the factsevier OA license.that the Yb3+ ion has no other 4f excited states that can interfere
with the downconversion process. This makes Yb3+ an attractive
candidate among DC materials for use in combination with c-Si
solar cells. An obvious choice for a downconversion couple is the
well-known upconversion couple (Er3+ , Yb3+). Efﬁcient upconver-
sion has been reported for this couple inmany host lattices and it is
used in the efﬁcient detection of 1000 nm IR radiation. The
mechanism for upconversion has been well studied since the
discovery of this couple by Auzel [9,10]. After excitation to
the 2F5/2 level of Yb
3+, two sequential energy transfer steps excite
the Er3+ ion from the 4I15/2 ground state to the
4I11/2 excited state
and from the 4I11/2 excited state to the higher energy
4F7/2 excited
state (see Fig. 1 for the positions of the energy levels for Er3+ and
Yb3+). Visible emission may be observed from the 4F7/2 state or,
after relaxation, from the lower energy 2H11/2 and
4S3/2 states.
In a recent study [11] we investigated downconversionwith the
(Er3+, Yb3+) couple in NaYF4, which is a well-known host for
efﬁcient upconversion with this couple [12–14]. In Fig. 1 the
downconversion scheme for the Er3+, Yb3+ couple is shown. In
theﬁrst step energy transfer from the 4F7/2 level of Er
3+ occurs: Er3+
(4F7/2-
4I11/2), Yb
3+ (2F7/2-
2F5/2), thus populating the
2F5/2 level of
Yb3+. In the second step energy transfer to a second Yb3+-ion can
occur from the 4I11/2 level of Er
3+ while it is also possible that Er3+
emits a photon at around 1000 nm from the 4I11/2 level. In order
to realize efﬁcient downconversion it is crucial to prevent (fast)
Fig. 1. Energy level schemes of the Er3+ (4f11) and Yb3+ (4f13) couple showing two
possible mechanisms for downconversion. First energy is transferred from Er3+ to
one Yb3+ neighbor (1:Er3+ (4F7/2-
4I11/2), Yb
3+ (2F7/2-
2F5/2)) followed by emission
of an infrared photon by Yb3+ (2F5/2-
2F7/2). The remaining energy can either be
transferred to a second Yb3+ neighbor (2: Er3+ (4I11/2-
4I15/2), Yb
3+ (2F7/2-
2F5/2)),
or emitted by Er3+ (3: 4I11/2-
4I15/2).
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4S3/2 level since
downconversion from the 4S3/2 level is not possible. Non-radiative
relaxation from the 4F7/2 level is reduced in a low-phonon energy
host lattice. The study on downconversion of the (Er3+ , Yb3+)
couple in NaYF4 showed that the phonon energy in this ﬂuoride
(400 cm1) is too high and fast multi-phonon relaxation pre-
vents downconversion. Thereforewe have chosen KPb2Cl5 as a host
lattice to study downconversion in Er3+, Yb3+. This chloride host
has a small phonon energy (maximum phonon energy 200 cm1
[15,16]). In addition, it is one of the few chlorides that is not
hygroscopic, which is an important advantage for potential appli-
cations. In a comprehensive study by Tkachuk et al. [15] the energy
levels and relaxation rates have been studied in detail for Er3+ in
KPb2Cl5. Here we focus on the
4F7/2 level and energy transfer from
this level to neighboring Yb3+ ions in co-doped KPb2Cl5:Er
3+, Yb3+.
The results show that downconversion occurs, but multi-phonon
relaxation is faster and causes the downconversion efﬁciency to
be low.Fig. 2. Diffuse reﬂectance spectra of KPb2Cl5:Er
3+(1%), Yb3+(0%, 2%, 4%, 6% and10%).
Undoped KPb2Cl5 was used as a reference.2. Methods
Crystalline samples of KPb2Cl5 doped with Er
3+ and Yb3+ were
prepared in a high frequency furnace. KCl, PbCl2, ErCl3 and YbCl3
were mixed in stoichiometric amounts. The blend was put into a
quartz ampoule, which was then evacuated and sealed to keep out
air andmoisture during synthesis. The ampouleswere put in a high
frequency furnace and ﬁrst heated to 200 1C for 2 h, and then kept
at 900 1C for 1 h to melt the starting materials. Subsequently the
sample was cooled to 380 1C over 96 h and then kept at that
temperature for 10 h. The samples were left to slowly cool to room
temperature over a period of 36 h. During the slow cooling stepsthe samples were annealed to reduce the number of lattice defects
and increase long range order. The samples were crushed with a
pestle and mortar, and X-ray diffraction measurements were
performed to check for phase purity.
Diffuse reﬂectance spectra were measured with a Perkin-Elmer
Lambda 950 UV/vis/IR absorption spectrometer. Emission and
excitation spectra were measured with a SPEX DM3000F spectro-
ﬂuorometer with a 450 W Xe lamp as the excitation source.
Excitation and emission wavelengths were selected with double-
grating 0.220 m SPEX 1680 monochromators (1200 l/mm) blazed
at 300 and 500 nm, respectively. Emission spectra were also
recorded by focusing the emitted light on a ﬁber guiding the light
to a 0.3 m monochromator (Acton Research, Spectra Pro) where
emission light is dispersed by a 150 l/mmgrating blazed at 500 nm.
Dispersed light was detected with Princeton Instruments 300i
charge coupled device (CCD). Emission and excitation measure-
ments, particularly in the infrared region, were performed using an
Edinburgh instruments FLS920 ﬂuorescence spectrometer. In this
spectroﬂuorometer, NIR emission (800–1700 nm) is detected with
a liquid nitrogen-cooledHamamatsuR5509-72 PMT. Both the SPEX
spectroﬂuorometer and Edinburgh ﬂuorescence spectrometer are
equippedwith an Oxford heliumﬂow cryostat for low temperature
measurements. The spectra were not corrected for the instru-
mental response. Luminescence lifetime measurements with exci-
tationwavelengths between 487 and 489 nmwere performedwith
the use of a Lambda Physik LPX100 excimer (XeCl)/LPD3000
tunable dye laser system ﬁlled with a Coumarin 102 dye solution
and a Tektronix 2430 digital oscilloscope.3. Results and discussion
3.1. Characterization
Samples of KPb2Cl5 doped with 1 mol% Er
3+ and 0, 2, 4, 5, 6 and
10 mol% Yb3+ were synthesized. X-ray diffraction measurements
gave similar results for all ﬁve samples and are consistent with the
monoclinic crystal structure of KPb2Cl5 [17]. Diffuse reﬂectance
spectra were recorded to conﬁrm whether Er3+ and Yb3+ were
incorporated into the host lattice. From the diffuse reﬂectance
spectra (Fig. 2) it can be concluded that Er3+ and Yb3+ are both
present in the samples. However, the absorption strengths for the
peaks corresponding to Er3+ absorptions (e.g. the 4I15/2-
4F9/2
transition around 600 nm and the 4I15/2-
4I13/2 transition around
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mixture the same amount of Er3+ (1 mol%)was present. This shows
that Er3+ was not built in the lattice equally well in all samples.
Furthermore the absorption strengths of Er3+ also varied in diffuse
reﬂectance spectra that were obtained for the same sample at
different positions in the quartz ampoule.
The strength of Yb3+ absorption around 1000 nm (2F7/2-
2F5/2
transition) varies according to Yb3+ concentration present in the
starting mixtures, except in the sample co-doped with 10% Yb3+.
The intensity of Yb3+ absorption around 1000 nm does not seem to
increase when Yb3+ concentration is raised from 6% to 10%. This is
consistent with the observation by Tkachuk et al. [15] that the
maximum doping of lanthanide ions into KPb2Cl5 is 6%.
In the UV range a strong absorption band between 300 and
400 nm is observed, which is assigned to a charge transfer (CT)
transition from chlorine to Yb3+. The maximum around 350 nm is
at a longer wavelength than the position that is expected for the
Cl-to-Yb3+ ligand to metal charge transfer band [18,19]. As
expected for a CT transition the band is the strongest in the sample
with the highest Yb3+ concentration. For the sample without Yb3+
as a co-dopant, the onset of strong host lattice absorption is
observed below 300 nm. The onset of host lattice absorption is
expected around 300 nm [15,16].
3.2. Luminescence spectra
In Fig. 3 excitation and emission spectra are shown for
KPb2Cl5:Er
3+, Yb3+. In the low temperature excitation spectrum
recorded for Er3+ emission around 1535 nm, sharp excitation lines
corresponding to transitions from the 4I15/2 ground state to the
various excited states of Er3+ can be observed. The transitions are
assigned in the ﬁgure. Below 300 nm host lattice (HL) absorption is
observed, indicating that HL excitation is followed by energy
transfer to Er3+. The excitation spectrum is consistent with the
absorption spectrum reported by Tkachuk et al. [15]. For the
present work, the spectral region 480–550 nm is particularly
relevant. In the inset of Fig. 3(a), this region is shown in more
detail. Transitions to various crystal ﬁeld (CF) components of the
4F7/2,
2H11/2 and
4S3/2 levels are observed. The energy difference
between the lowest energy 4F7/2 CF component and the highest
energy 2H11/2 CF component is the energy gap that is important forFig. 3. (a)High resolution excitation spectrumofKPb2Cl5 dopedwith1%Er
3+ and5%
Yb3+ at an emission wavelength of 1535 nm (4I13/2-
4I15/2 transition) measured at
5 K. The inset shows the region of interest (480–550 nm) in more detail. (b) Room
temperature emission spectrum of KPb2Cl5 doped with 1% Er
3+. The excitation
wavelength is 452 nm (4F5/2 level).multi-phonon relaxation from the 4F7/2 level. Based on the excita-
tion spectrum, the gap is determined to be 1200 cm1,which can
be bridged by 6 phonons. For a six-phonon process, radiative decay
from this level is expected to dominate.
Fig. 3(b) shows the emission spectrum of KPb2Cl5:Er
3+ on excita-
tion at the 4F5/2 level, just above the
4F7/2 level. In the emission
spectrum, emission from the 4F7/2 level is observed around 490 nm,
showing that emission from this level can be observed in this host
lattice and that downconversion may be possible. The strongest
emission lines originate from the 2H11/2/
4S3/2 levels, which indicates
that in spite of the gap of 1200 cm1multi-phonon relaxation from
4F7/2 to
2H11/2 occurs and is faster than radiative decay from the
4F7/2
level. Based on the energy gap law and experimental results, a rule of
thumbpredicts that radiative decay andmulti-phonon relaxation can
competewhen the gap is ﬁve times the phonon energy, and that for a
largergap radiativedecaydominates [13]. Thepresent results indicate
that for Er3+ in KPb2Cl5 relaxation from the
4F7/2 level over a six-
phonon gap is faster than radiative decay and may limit the down-
conversion efﬁciency. The observation of fast multi-phonon relaxa-
tion is inagreementwith theﬁndingsofTkachuketal.,who reporteda
radiative (calculated) lifetime of 153 ms for 4F7/2 level, but found the
actual lifetime to be much shorter, 10 ms, due to fast non-radiative
relaxation. The observation of weak emission from the 4F7/2 is also
consistent with emission spectra reported for Er3+ in other chlorides
(BaCl2, Cs2NaYCl6 and Cs3Lu2Cl9) where the observation of
4S3/2
emission dominates [20–22]. Only in bromides efﬁcient emission
from the 4F7/2 level is observed [20]. It is not clearwhy the six-phonon
relaxation process dominates over radiative decay. Possibly, the
large reduced matrix elements of the 4F7/2 to
2H11/2 transition
((U(2))2¼0.1258 and (U(6))2¼0.3984 [23]) enhance the non-radiative
decay rate, since this rate has been shown to be proportional to the
radiative decay rate determined by the Judd–Ofelt parameters and
reduced matrix elements [24].
To analyze if downconversion occurs and to gain insight in the
downconversion efﬁciency, emission spectra were recorded under
excitation at the 4F7/2 level (489 nm). In Fig. 4(a) and (b) the
emission spectra for the visible and infrared parts of the spectrum
of KPb2Cl5 with 1 mol% Er
3+ and 0, 2, 4, 6 and 10 mol% Yb3+ after
excitation to the 4F7/2 level are shown. The spectra were measured
under identical conditions so that intensities of the emissions may
be compared. In the sample doped with Er3+ only, excitation at the
Er3+ 4F7/2 level yields emissions from the
2H11/2,
4S3/2 and
4F9/2
levels to the 4I15/2 level in the visible and emissions from the
4S3/2,Fig. 4. Room temperature emission spectra of (a) visible and (b) infrared parts of the
spectrum of KPb2Cl5:Er
3+(1%), Yb3+(0%, 2%, 4%, 6% and 10%) after excitation into the
starting level for downconversion (4F7/2 level, 489 nm).
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4I13/2 level to the
4IJ levels in the infrared. The intensity of
Er3+ emission decreases slightly on increasing Yb3+ concentration
and Yb3+ emission intensity increases. However, like for the (Er3+ ,
Yb3+) couple in a ﬂuoride host lattice, energy transfer from the 4S3/2
level of Er3+ to Yb3+ is not very efﬁcient [11], and even at high Yb3+
concentrations (visible) Er3+ emission dominates and in all sam-
ples Yb3+ emission around 980 nm is weak, even though it does
increase with Yb3+ concentration. Inefﬁcient quenching of 4S3/2
emission from Er3+ by Yb3+ is evident from the energy level
diagram (Fig. 1); there is no energy level for Er3+ at 10,000 cm1
below the 4S3/2 level.
Further evidence for the occurrence of downconversion from
the 4F7/2 level is presented in Fig. 5. Excitation spectra are shown for
Yb3+ emission around 1000 nm. At this emission wavelength also
Er3+ emission originating from the 4I11/2-
4I15/2 transition is
monitored. The spectra are scaled to the 4I15/2-
4F9/2 excitation
line around650 nm.On raising Yb3+ concentration a slight increaseFig. 5. Roomtemperature excitation spectra of emission at 980 nm inKPb2Cl5:Er
3+(1%),
Yb3+(0%, 2%, 4%, 6% and 10%) in (a) 480–680 nm and (b) 200–550 nm ranges.
Fig. 6. (a) Infrared emission spectra at different excitationwavelengths of KPb2Cl5:Er
3+(1%
the emission slit was half of that for the other measurements. (b) Bar diagram of the in
concentrations at six different excitation wavelengths. The peak area of 980 nm emiss
transition (1550 nm). For each excitation wavelength the largest peak area was then
wavelength on relative Yb3+ emission intensity.in relative intensity of the 4I15/2-
4S3/2,
2H11/2 lines is observed. For
both 4S3/2/
2H11/2 and
4F9/2 levels there is no path for resonant
energy transfer to Yb3+ and thus the excitation lines remain weak
on raising the Yb3+ concentration. However, for the transition to
the 4F7/2 level the relative intensity rapidly increases on raising the
Yb3+ concentration, indicating that the 2F5/2 level of Yb
3+ is
efﬁciently populated by energy transfer from this Er3+ level. In
the sample co-dopedwith 10% Yb3+ the excitation line correspond-
ing to the 4I15/2-
4F7/2 transition becomes even stronger than that
of the transition to the 2H11/2 level, even though the absorption
strength for the 4I15/2-
2H11/2 transition is more than six times
stronger (Fig. 2 of Ref. [15]). This clearly shows that energy transfer
through the downconversion scheme depicted in Fig. 1 occurs. The
low overall efﬁciency of the Yb3+ emission and the strong 4S3/2
emission from Er3+ even at the highest Yb3+ concentration (10%)
reﬂect that the transfer efﬁciency from the 4F7/2 level is low in
comparison with that of multi-phonon relaxation. A quantitative
analysis of efﬁciency based on emission intensities is difﬁcult (due
to the different set-ups used for detection of the visible and the
infrared emissions and the fact that Yb3+ emission will be partly
quenched by concentration quenching). Based on the present
results an upper limit of 10% can be estimated, which shows that
even though downconversion occurs, the efﬁciency is too low for
practical application.
In Fig. 5(b) the higher energy part of excitation spectrumof Yb3+
emission is plotted along with the lines observed in Fig. 5(a). In the
UV part of the spectrum a very strong excitation band is observed
around 360 nm. This band is assigned to the Cl–Yb3+ CT transi-
tion. Excitation in this level results in feeding of the 2F5/2 excited
state of Yb3+ and emission from this level. Clearly, direct excitation
in the CT state is themost efﬁcientway to feed the Yb3+ emission in
the IR but is not able to generate two NIR photons per absorbed UV
photon. In Fig. 6(a) emission spectra of KPb2Cl5:Er
3+(1%), Yb3+(4%)
are plotted for different excitation wavelengths. This overview
shows which emissions are most efﬁciently excited at these
wavelengths. In Fig. 6(b) the dependence of relative intensity of
1000 nm emission (Yb3+ and Er3+ emission) is given for these six
excitation wavelengths as a function of Yb3+ concentration. For
522 nmexcitation, the increase in 1000 nmemission intensitywith
increase in Yb3+ concentration is the weakest, consistent with), Yb3+(4%)measured at room temperature. The stars indicatemeasurementswhere
tegrated peak area around 980 nm (Yb3+ 2F7/2-
2F5/2 emission), at different Yb
3+
ion was divided by the integrated area of emission peak of the Er3+ 4I13/2-
4I15/2
set to 1, to create an overview of the effect of Yb3+ concentration and excitation
Fig. 8. Luminescence decay curves of (a) Er3+ 4F7/2-
4I15/2 emission (491 nm) and
(b) Yb3+ 2F7/2-
2F5/2 emission (998 nm) in KPb2Cl5:Er
3+(1%), Yb3+(0%, 2%, 4%, 6%
and 10%) measured at room temperature, after excitation at the Er3+ 4F7/2 level
(487 nm).
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3+ to the 2F5/2
level of Yb3+. For 489 and 452 nm excitations there is a stronger
and continuous increase,which is explainedby increased efﬁciency
of energy transfer to Yb3+ on excitation in the 4F7/2 or
4F5/2 levels of
Er3+ through downconversion. The most spectacular increase is
observed for excitation in the CT band of Yb3+ at 407 and 379 nm.
At the highest Yb3+ concentrations, there is a small decrease in
1000 nm emission intensity, probably because absorption is close
to saturation and emission is partly quenched by concentration
quenching. Excitation in the host lattice, at 305 nm, always gives
rise to 1000 nm emission and the rapid increase suggests that both
the 4I11/2 level of Er
3+ and the 2F5/2 level of Yb
3+ are fed by direct
transfer from the host lattice to these low lying energy levels.
Finally, in Fig. 7 the emission spectra for excitation to the CT
band of Yb3+ are shown. At 5 K two weak emission bands are
observed: a structured band around 430 nm and a band around
700 nm. On raising the temperature from 10 to 30 K both emission
bands are quenched. The energy separation between the emission
bands is 9000 cm1. This emission is assigned to charge transfer
emission from the excited CT state of Yb3+–Cl. The energy
separation between the two bands is consistent with the expected
splitting of 10,000 cm1 for transitions from the CT state to both
2F5/2 and
2F7/2 multiplets of Yb
3+ and also the Stokes shift (5000
cm1) and low quenching temperature are commonly observed in
Yb3+ charge transfer luminescence [19]. The structure in the
emission band around 430 nm arises from transitions to different
crystal ﬁeld components of the 2F7/2 ground state of Yb
3+. As far as
we are aware, this example represents the ﬁrst observation of
charge transfer luminescence for Yb3+ in a chloride.
3.3. Luminescence decay
To gain further insight on the energy transfer processes between
Er3+ and Yb3+, luminescence decay curves were recorded. Lifetime
measurements for Er3+ 4F7/2-
4I15/2 emission (lm¼491 nm) in
KPb2Cl5 with 1% Er
3+ and between 0% and 10% Yb3+ measured at
room temperature on excitation at the Er3+ 4F7/2 level (487 nm) are
shown in Fig. 8(a). Similar measurements for Yb3+ 2F7/2-
2F5/2
emission (lm¼998 nm) are depicted in Fig. 8(b). The luminescence
decay curves in Fig. 8(a) show a close to bi-exponential decay
behavior. For the sample without the Yb3+ co-dopant, the initial
part of the decay curve yields a fast decay time of 5.3 ms and aFig. 7. Emission spectra of KPb2Cl5:Er
3+(1%), Yb3+(2%) in the visible part of the
spectrummeasured at different temperatures. The excitationwavelength is 379 nm
and the spectra are strongly magniﬁed to observe weak emission bands around 430
and 700 nm.long time component of 20 ms. The fast component is assigned to
fast quenching of 4F7/2 emission in pairs of Er
3+ through cross
relaxation. Due to the need for charge compensation (Er3+ on a
Pb2+ site) pair formationmay be favored. The long time component
of 20 ms is close to the 10 ms reported by Tkachuk et al. for the
lifetime of the 4F7/2 level of Er
3+. The calculated (radiative) decay
time is much longer (153 ms). The difference is explained by fast
multi-phonon relaxation. Based on a radiative decay time of 153 ms
and an experimental decay time of 20 ms, the multi-phonon
relaxation rate is 4.3104 s1.
The average lifetime of the fast component of the 4F7/2 emission
decreases slightly (from 5.2 to 3.7 ms) as Yb3+ concentration is
raised from 0% to 10%. As concentration of Yb3+ is increased energy
transfer becomes more likely because more Er3+ ions will have
Yb3+ ions close enough for energy transfer, leading to a shorter
lifetime. However, the weak dependence of decay time on the Yb3+
concentration shows that energy transfer from the Er3+ 4F7/2 level
to Yb3+ is not very efﬁcient. The average lifetime of the Er3+ 4F7/2
emission in Er3+-ions that have no Yb3+ neighbors close enough for
energy transfer is not affected by the Yb3+ concentration and is
approximately 20 ms for all samples.
The decay curves for emission at 998 nm in Fig. 8(b) contain a
fast component, especially clear for the samplewithout Yb3+, and a
slow component. For the sample without Yb3+ the fast component
is ascribed to emission from a higher energy level of Er3+ while the
slow component reﬂects decay time of 4I11/2-
4I15/2 emission. The
lifetime of 3 ms is in agreement with the results of Takchuk et al.
for 4I11/2-
4I15/2 emission. On raising the Yb
3+ concentration, the
decay curves become non-exponential and faster. Fitting them to a
two-exponential decay curve yields a fast component around
500 ms that increases in relative contribution and a slow compo-
nent that decreases from 3 to 1 ms. The fast component is assigned
to 2F5/2 emission from Yb
3+. For the sample co-dopedwith 2% Yb3+
the lifetime of Yb3+ 2F5/2 emission is around 590 ms. This lifetime
decreases as Yb3+ concentration is raised: for the sample with 10%
Yb3+ it is around 465 ms. The decrease can be explained by
concentration quenching at higher Yb3+ concentrations. The
observation that the slow component (which is again assigned
to the Er3+ 4I11/2-
4I15/2 emission, as for the sample without Yb
3+)
decreases from 3 to 1 ms indicates that there is energy transfer
from the 4I11/2 level of Er
3+ to Yb3+.
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transfer observed previously in the (Pr3+, Yb3+) [7,25], (Tm3+,
Yb3+) [8] and (Tb3+, Yb3+) [26–28] couples the energy transfer
efﬁciency from Er3+ to Yb3+ is low. This is conﬁrmed by lumines-
cence decay measurements. In the efﬁcient downconversion
systems a rapid decrease in luminescence decay times is observed
on raising the Yb3+ concentration. In the (Er3+ , Yb3+) couple the
lifetimes do not decrease drastically in line with the low down-
conversion efﬁciency observed in the luminescence spectra.4. Conclusions
Luminescence spectra (excitation and emission) and luminescence
decays curves have been recorded for KPb2Cl5:Er
3+ 1% co-doped with
0%, 2%, 4%, 6% and 10% Yb3+ to investigate the potential of the (Er3+,
Yb3+) couple in a chloride host material for downconversion. The
results show that the desired downconversion process from the 4F7/2
level (the inverse of the efﬁcient upconversion process) has very low
efﬁciencydue to fastmulti-phononrelaxation fromthe4F7/2 to the
4S3/2
level via the intermediate 2H11/2 level. Based on the energy gap
between the 4F7/2 and the
2H11/2 levels (1200 cm1) this was
unexpected, since this host has a phonon energy of 200 cm1. Analysis
of luminescence decay curves shows that energy transfer from Er3+ to
Yb3+ is inefﬁcient. In a host with even smaller phonon energies (viz.
bromide host materials) efﬁcient emission from the 4F7/2 level, and
therefore downconversion, may be possible.
In the diffuse reﬂectance spectra a broad band of excitation to
the Yb3+–Cl charge transfer band was observed between 300 and
400 nm. Excitation in this LMCT band results in two broad emission
bands centered around 430 and 700 nm at temperatures below
30 K. The emission is assigned to luminescence from the Cl–Yb3+
charge transfer state, which can also feed the Yb3+ 2F5/2 level,
followed by Yb3+ 2F5/2-
2F7/2 emission around 980 nm.Acknowledgements
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